To clarify the roles of insulin receptor substrate (IRS) family proteins in phosphatidylinositol (PI) 3-kinase activation and insulin actions in adipocytes, we investigated the intracellular localization of IRS family proteins and PI 3-kinase activation in response to insulin by fractionation of mouse adipocytes from wild-type and IRS-1 null mice. In adipocytes from wild-type mice, tyrosine-phosphorylated IRS-1 and IRS-2, which were found to associate with PI 3-kinase in response to insulin, were detected in the plasma membrane (PM) and low-density microsome (LDM) fractions. By contrast, tyrosine-phosphorylated IRS-3 (pp60), which was found to associate with PI 3-kinase, was predominantly localized in the PM fraction. In adipocytes from IRS-1-null mice, insulin-stimulated PI 3-kinase activity in anti-phosphotyrosine (␣PY) immunoprecipitates in the LDM fraction was almost exclusively mediated via IRS-2 and was reduced to 25%; however, insulin-stimulated PI 3-kinase activity in the PM fraction was primarily mediated via IRS-3 and was reduced to 60%. To determine the potential functional impact of the distinct subcellular localization of IRSs and associating PI 3-kinase activity on adipocyte-specific metabolic actions, we examined lipolysis in IRS-1 null mice. The level of isoproterenol-induced lipolysis was increased 5.1-fold in adipocytes from IRS-1 null mice as compared with wildtype mice. Moreover, hormone-sensitive lipase (HSL) protein was increased 4.3-fold in adipocytes from IRS-1-null mice compared with wild-type mice, and HSL mRNA expression was also increased. The antilipolytic effect of insulin in IRS-1 null adipocytes, however, was comparable to that in wild-type mice. Thus, discordance between these two insulin actions as well as the transcriptional and translational effect (HSL mRNA and protein regulation) and the PM effect (antilipolysis) of insulin may be explained by distinct roles of both PI 3-kinase activity associated with IRS-1/IRS-2 and PI 3-kinase activity associated with IRS-3 in insulin actions related to their subcellular localization. Diabetes
effect of insulin in IRS-1 null adipocytes, however, was comparable to that in wild-type mice. Thus, discordance between these two insulin actions as well as the transcriptional and translational effect (HSL mRNA and protein regulation) and the PM effect (antilipolysis) of insulin may be explained by distinct roles of both PI 3-kinase activity associated with IRS-1/IRS-2 and PI 3-kinase activity associated with IRS-3 in insulin actions related to their subcellular localization. Diabetes 50:1455-1463, 2001 I nsulin stimulates the tyrosine phosphorylation (via the tyrosine kinase of the insulin receptor) of several endogenous substrates, such as insulin receptor substrate (IRS) family proteins, Grb2-associated binder-1, and Shc (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . These proteins interact through their phosphotyrosine residues with Src homology-2 (SH2) domain-containing proteins, such as the regulatory 85-kDa subunit (p85) of phosphatidylinositol (PI) 3-kinase, Grb2, Crk, and SHPTP2 (10 -15) . Among these, PI 3-kinase activity has been shown to be required for metabolic actions of insulin, such as glucose transport, glycogen synthesis, and antilipolysis (16 -18) . The IRS family proteins IRS-1, -2, -3, and -4 contain a conserved pleckstrin homology (PH) domain and a phosphotyrosine-binding (PTB) domain that interacts with a phosphorylated NPXY motif in the insulin receptor at the NH 2 -terminus (3) (4) (5) (6) (7) (8) (9) .
IRS-1 has been shown to be the major substrate of the insulin receptor kinase, and we and others have demonstrated that IRS-1 null mice do in fact exhibit insulin resistance (19, 20) . We have also shown that insulininduced PI 3-kinase activity in anti-phosphotyrosine (␣PY) immunoprecipitates, glucose transport, and GLUT4 translocation in adipocytes from IRS-1 null mice were decreased to ϳ50% of those of wild-type mice (21) . IRS-2 was identified as a 190-kDa protein that is rapidly tyrosinephosphorylated in response to insulin and that partially compensates for the lack of IRS-1 in various insulin actions (20, 22) . For example, IRS-2, like IRS-1, is capable of participating in insulin signal transduction pathways, leading to the recruitment of GLUT4 (23) . IRS-3 was first described in rat adipocytes as a 60-kDa protein that is rapidly tyrosine-phosphorylated in response to insulin, and it is considered to be a direct substrate of the activated insulin receptor (5,6,21,24 -26) . IRS-3 can bind and activate PI 3-kinase in response to insulin, and it was found to be the major PI 3-kinase-binding substrate in IRS-1 null mice (21, 24) . It has been reported that IRS-3 is tyrosine-phosphorylated more rapidly than IRS-1/IRS-2, thereby more rapidly activating PI 3-kinase activity in response to insulin (24) ; it has also been suggested that IRS-3 may play a unique role in mediating insulin-stimulated metabolic actions in adipocytes.
Although IRS family proteins share extensive homology and can bind and activate similar sets of signaling molecules, the distinct functions of the IRS family of proteins remain unknown. In this study, we investigated the localization of tyrosine-phosphorylated IRS family proteins that became associated with PI 3-kinase in response to insulin, and we studied the insulin-induced PI 3-kinase activity of each fraction of adipocytes from both wild-type and IRS-1 null mice. Both IRS-1 and IRS-2 were detected in all of the fractions and were associated with PI 3-kinase in response to insulin. By contrast, IRS-3 was predominantly localized in the plasma membrane (PM), not in the low-density microsome (LDM) fraction, and it contributed to insulininduced PI 3-kinase activation in the PM fraction.
Several insulin actions are controlled by PI 3-kinase activation in adipocytes. To determine the potential functional impact of the distinct subcellular localization of IRSs and associating PI 3-kinase activity on adipocytespecific metabolic actions, we examined lipolysis in IRS-1 null mice. The antilipolytic effect of insulin can be inhibited by wortmannin, a PI 3-kinase inhibitor (16) , and insulin can regulate gene transcription and protein synthesis via PI 3-kinase activation (17) . In IRS-1 null mice, the basal level of lipolysis and isoproterenol-induced lipolysis were increased because of increased hormone-sensitive lipase (HSL) mRNA and protein levels. The antilipolytic effect of insulin, however, was unaffected in IRS-1 null mice. Thus, discordance between these two insulin actions may be explained by the distinct roles of PI 3-kinase activity associated with IRS-1/IRS-2 and with IRS-3 in insulin actions related to their subcellular localization.
RESEARCH DESIGN AND METHODS

Materials.
We purchased fraction V bovine serum albumin (BSA) from Intergen (Purchase, NY). Collagenase type II, porcine insulin, PI, adenosine deaminase, and (-)-N 6 -(2-phenylisopropyl)-adenosine were from Sigma Chemical (St. Louis, MO). The monoclonal ␣PY antibody was purchased from Transduction Laboratories (Lexington, KY) or Upstate Biotechnology (Lake Placid, NY). The rabbit polyclonal antibody against a 14 -amino acid peptide corresponding to the COOH-terminal sequence (YASINFQKQPEDRQ) of rat IRS-1 (␣IRS-1), rabbit polyclonal antibody against a glutathione S-transferase (GST) fusion protein containing a polypeptide corresponding to amino acids 976 -1094 of mouse IRS-2 (␣IRS-2), and anti-p85 polyclonal antibody against a full-length p85-GST fusion protein containing the NH 2 3 , and 30 mmol/l HEPES, pH 7.4) by collagenase digestion (3.3 mg/ml) for 1 h at 37°C in a metabolic shaker. After incubation, the cells were strained through mesh, washed three times with KRBH buffer containing 0.5% BSA, and resuspended in the same buffer at a final concentration of Ͻ50%. Stimulation of adipocytes with insulin. The cell suspension was incubated with 100 nmol/l insulin in KRBH buffer containing 0.5% BSA for 5 min at 37°C in a metabolic shaker. To stop insulin stimulation, the cells were washed twice with ice-cold BSA-free KRBH buffer. Preparation of the subcellular fractions of adipocytes. Subcellular fractions were prepared as previously described (26 -28) , with some modifications. In brief, cells were suspended in 6 volumes (vol/vol) of homogenization buffer containing 20 mmol/l Tris-HCl, pH 7.4, 250 mmol/l sucrose, 5 mmol/l EGTA, 5 mmol/l EDTA, 1 mmol/l Na 3 VO 4 , 10 mmol/l NaF, 10 mmol/l NaPPi, 1 mmol/l phenylmethylsulfonyl fluoride (PMSF), 10 mg/ml leupeptin, and 10 mg/ml aprotinin. They were then homogenized by 10 strokes in a Teflon pestle (Thomas Scientific, Swedesboro, NJ) at 17°C. Homogenates, or total lysates (TOTAL), were centrifuged for 15 min at 18,000g at Ϫ4°C to remove the fat cake. The PM-rich fraction was prepared as follows. The pellet was suspended in homogenizing buffer and centrifuged for 20 min at 100,000g on a sucrose cushion (1.12 mol/l sucrose, 20 mmol/l Tris-HCl, pH 7.4, and 1 mmol/l EDTA). The PMs, collected at the interface, were resuspended in homogenizing buffer and centrifuged at 60,000g for 10 min. The 18,000g supernatant was centrifuged for 30 min at 48,000g, yielding a pellet of the high-density microsome (HDM) fraction. The 48,000g supernatant was centrifuged at 400,000g for 60 min, yielding a pellet of the LDM fraction and a supernatant containing the cytosol (CYTO). All procedures were carried out at 4°C except the homogenizing step, and the membranes were used immediately for assay of PI 3-kinase activity or for immunoprecipitation. The distribution of marker enzymes (5Ј nucleotidase for the PM and galactosyl transferase [UDP-galactose, or N-acetylglucosamine galactosyltransferase] for the Golgi apparatus) in the different cellular fractions was assayed as described previously by Simpson et al. (27) (Table 1 ). 5Ј-Nucleotidase was sixfold more concentrated in the PM fraction than in the LDM and HDM fractions. The concentration of galactosyl transferase in the LDM fraction was increased by 70% compared with the HDM fraction, and it was increased by 80% compared with the PM fraction. The quality of the fractionation is similar to that reported by Simpson et al. (27) , except that the ratio of galactosyl transferase in the PM-to-galactosyl transferase in the LDM was slightly higher under our experimental conditions. Judging from the distribution of marker enzymes, the results of the fractionation were concluded to be acceptable, although there was some cross-contamination. Immunoprecipitation. For the immunoprecipitation experiments, mice were treated as previously described (21, 26, 28) . In brief, adipose tissue was excised and homogenized in ice-cold buffer A (25 mmol/l Tris-HCl, pH 7.4, 10 mmol/l Na 3 VO 4 , 10 mmol/l NaPPi, 100 mmol/l NaF, 10 mmol/l EDTA, 10 mmol/l EGTA, and 1 mmol/l PMSF), and adipocytes were solubilized with ice-cold buffer A containing 1% nonylphenoxy polyethoxy ethanol (TOTAL). After subcellular fractionation of some of the samples, the PM or LDM pellets were solubilized in resuspension buffer (20 mmol/l Tris-HCl, pH 7.4, 1 mmol/l Na 3 VO 4 , 10 mmol/l NaPPi, 100 mmol/l NaF, 5 mmol/l EDTA, 5 mmol/l EGTA, 10% glycerol, 1 mmol/l PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin) containing 1% Triton X-100 and incubated for 30 min at 4°C with shaking. Each fat-free lysate (TOTAL, PM, or LDM) was prepared by centrifugation (15,000 rpm, 20 min, 4°C). Lysates containing equal amounts of total protein (ϳ30 -100 g) were incubated with the indicated antibody for 1 h at 4°C and then with protein G-Sepharose for 1 h at 4°C. The beads were washed three times with homogenization buffer or suspension buffer containing 1% Triton X-100, and the immunoprecipitated proteins were solubilized with Laemmli's sample buffer. In the immunodepletion experiments, the homogenate (TOTAL) and each subcellular fraction (PM and LDM) were immunoprecipitated with ␣IRS-2, and the supernatant after ␣IRS-2 immunodepletion was further incubated overnight with the indicated antibody and protein G-Sepharose beads.
Immunoblotting. Samples were separated on polyacrylamide gels, transferred to nitrocellulose, and immunoblotted with each antibody. The blots were incubated with horseradish peroxidase-linked protein A or 125 I-protein A, and the bands were detected by enhanced chemiluminescence (Amersham International) or with a BAS 2000 system (Fuji Film, Kanagawa, Japan). PI 3-kinase assay. Adipocytes were incubated in the presence or absence of insulin, homogenized with a Teflon pestle (Thomas Scientific), and subjected in some cases to fractionation as described above. Membrane fractions (PM or LDM) were suspended in suspending buffer. PI 3-kinase was immunoprecipitated with the indicated antibody and protein G-Sepharose beads overnight. The immunoprecipitates were washed three times with homogenization or resuspension buffer containing 1% Triton X-100 and washed three more times with PI 3-kinase reaction buffer (20 mmol/l Tris-HCl, pH 7.4, 100 mmol/l NaCl, 1 mmol/l Na 3 VO 4 , and 0.5 mmol/l EGTA). The reaction was initiated by adding 50 l PI 3-kinase reaction buffer containing 20 mmol/l MgCl 2, 20 mol/l ATP, 5 Ci [␥-
32 P]ATP, and 0.2 mg/ml PI to the immunoprecipitates. After incubation at 25°C for 20 min, the reaction was terminated by the addition of 100 l chloroform, and the organic phase was separated by centrifugation and washed three times with methanol and 1 mol/l HCl (1:1 ratio). The lipids were spotted onto a Silicagel 60 plate and developed in chloroform, methanol, 28% ammonium hydroxide, and water (43:38:5:7 ratio). The phosphorylated lipids were visualized and evaluated by autoradiography. Lipolysis and antilipolytic effect of insulin. A 10% cell suspension (10 4 -10 5 cells/ml) was prepared in KRBH buffer containing 1 U/ml adenosine deaminase and 10 mol/l (-)-N 6 -(2-phenylisopropyl)-adenosine and then incubated. Cells were stimulated with 1 mol/l isoproterenol for 30 min at 37°C with shaking to evaluate both basal and isoproterenol-induced lipolysis. The antilipolytic effect of insulin was measured by adding 0.5 or 1 nmol/l insulin to the cell suspension for 15 min at 37°C and then stimulating with 1 mol/l isoproterenol for 30 min at 37°C. The reactions were terminated by spinning the cells through dinonyl phthalate oil. Nonesterified fatty acid (NEFA) released into medium was measured with a commercial kit (Wako Chemicals, Osaka, Japan). Quantity of HSL. Lysates containing an equal amount of total protein (ϳ15-50 g) were solubilized with Laemmli's sample buffer, separated on polyacrylamide gels, and transferred onto nitrocellulose. Immunoblotting was performed using rabbit polyclonal anti-rat HSL-fusion protein antibodies, as described previously (29) . Immunoblots were visualized with enhanced chemiluminescence, and the relative amount of immunodetectable HSL contained in each lane was determined by scanning. RNA isolation and measurement of HSL expression. Total cellular RNA was extracted from freshly isolated adipocytes by acid guanidine phenol/ CHCl 3 extraction as previously described (30) . Equal aliquots of total RNA in adipocytes from wild-type and IRS-1 null mice were pooled (15 g), denatured with formaldehyde and formamide, and subjected to Northern blot analysis with a cDNA probe for mouse HSL prepared by reverse transcriptasepolymerase chain reaction (PCR) with mouse epididymal fat total RNA as the template. The PCR primers used were sense primer 5Ј-ACCTGAGGCCTTT-GAGATGCCACTC-3Ј and antisense primer 5Ј-CACTCCATAGGCTGCTGC-CCGAAG-3Ј (31). Hybridizations were performed by using this probe as described previously (30) . The resulting bands were quantified by exposure of the filter to a BioImaging Analyzer with a BAS 2000 system, and the results were normalized to the signal generated from 28s rRNA and 18s rRNA. gate the intracellular distribution of insulin-induced IRS family proteins, we fractionated mouse adipocytes from wild-type and IRS-1 null mice before and after insulin stimulation, subjected each fraction to immunoprecipitation with ␣p85 PAN , and then immunoblotted the precipitates with ␣PY (Fig. 1, upper panel) . A 180-kDa tyrosinephosphorylated protein associated with PI 3-kinase was detected in the TOTAL, PM, and LDM fractions in wildtype mice in response to insulin (Fig. 1, upper panel) . This protein was identified as IRS-1 because it was recognized by ␣IRS-1 antibody (Fig. 1, middle panel) and was not detected in IRS-1 null mice. A 190-kDa tyrosine-phosphorylated protein associated with PI 3-kinase was detected in response to insulin in all of the fractions from IRS-1 null mice (Fig. 1, upper panel) . This protein was identified as IRS-2 because it was recognized by ␣IRS-2 antibody (Fig.  1, lower panel) and was detected in both wild-type and IRS-1 null mice. An insulin-induced 60-kDa tyrosine-phosphorylated protein (presumably IRS-3) associated with PI 3-kinase was shown to be predominantly localized in the PM fraction of both wild-type and IRS-1 null mice but only slightly localized in their LDM fraction (Fig. 1, upper  panel) . No tyrosine phosphorylation of the p85 molecule was detected under our experimental conditions (Fig. 1,  upper panel) . PI 3-kinase activity in ␣PY, ␣IRS-1, and ␣IRS-2 immunoprecipitates of adipocyte subcellular fractions. To examine the contribution of IRS family proteins (IRS-1, -2, and -3) to insulin-stimulated PI 3-kinase activation, PI 3-kinase activity was measured in the ␣PY immunoprecipitates in subcellular fractions of adipocytes from wild-type and IRS-1 null mice. PI 3-kinase activity in the ␣PY immunoprecipitates in the TOTAL fraction from IRS-1 null mice was ϳ50% of the activity in wild-type mice ( Fig. 2A) , a finding consistent with the results we reported previously (21) . We then fractionated the adipocytes and measured the PI 3-kinase activity associated with IRS family proteins. Insulin increased PI 3-kinase activity in the ␣PY immunoprecipitates in the PM and LDM fractions of wild-type mice (15.2-fold and 8.4-fold, respectively). In the IRS-1 null mice, insulin-induced PI 3-kinase activity associated with IRS family proteins was decreased to 60% in the PM fraction and 25% in the LDM fraction compared with wild-type mice.
RESULTS
Intracellular
To examine the contribution of IRS-1 and IRS-2 to insulin-stimulated PI 3-kinase activation, PI 3-kinase activity was measured in the ␣IRS-1 and ␣IRS-2 immunoprecipitates in subcellular fractions of adipocytes from wildtype and IRS-1 null mice. As predicted, insulin-stimulated PI 3-kinase activity via IRS-1 was detected in all of the fractions from wild-type mice but not in those from IRS-1 null mice (data not shown). Insulin increased PI 3-kinase activity in ␣IRS-2 immunoprecipitates in the TOTAL, PM, and LDM fractions of wild-type mice (3.9-fold, 2.5-fold, and 5.8-fold, respectively) (Fig. 2B) . Insulin-induced PI 3-kinase activity associated with IRS-2 in IRS-1 null mice was detected in all fractions (3.0-fold, 2.6-fold, and 4.3-fold in TOTAL, PM, and LDM fractions, respectively), and it was not significantly different from the values in wild-type mice.
Intracellular localization of insulin-induced tyrosinephosphorylated IRS-3 and associating PI 3-kinase FIG. 2. Insulin-induced PI 3-kinase activity in ␣PY immunoprecipitates (A) and ␣IRS-2 immunoprecipitates (B) in adipocytes from wild-type and IRS-1 null mice. After treatment with 10 ؊7 mol/l insulin for 5 min, isolated adipocytes from wild-type (Ⅺ) and IRS-1 null mice (u) were homogenized and fractionated. A 30-g sample of the homogenate (TOTAL) and of each subcellular fraction (PM and LDM) was immunoprecipitated with each antibody. PI 3-kinase activity in the immunoprecipitates was measured as described in RESEARCH DESIGN AND METHODS. The top panel is a representative autoradiogram of the thin-layer chromatograph showing the products of PI 3-kinase (PtdIns[3]P) in each fraction. The data obtained are the means of duplicate assays and have been converted to a percentage of the unstimulated value of adipocytes from wild-type mice. PI3K, PI 3-kinase; WT, wild-type.
activity in adipocytes from IRS-1 null mice. To determine the relative contribution of IRS-1 and IRS-2 in insulin-stimulated PI 3-kinase activation in the PM and LDM fractions of adipocytes from IRS-1 null mice, tyrosine-phosphorylated IRS-3 associated with PI 3-kinase after ␣IRS-2 immunodepletion was investigated in each fraction. The efficiency of ␣IRS-2 immunodepletion was estimated to be nearly 100% because of the disappearance of a 190-kDa tyrosine-phosphorylated protein (Fig. 3A) , an observation that was further confirmed by the complete disappearance of IRS-2 with ␣IRS-2 immunoblotting (data not shown). In wild-type mice, IRS-1 was identified as one of the major PI 3-kinase binding substrates in response to insulin in all fractions, including the LDM fraction. IRS-3 was identified as a PI 3-kinase binding substrate only in the PM fraction of wild-type mice. In IRS-1 null mice, tyrosine phosphorylation of IRS-3 associated with PI 3-kinase was increased in the PM fraction. Although slight tyrosine phosphorylation of IRS-3 was detected in the LDM fraction of IRS-1 null mice, it was likely due to cross-contamination (Table 1) . PI 3-kinase activity associated with IRS-3 was measured after ␣IRS-2 immunodepletion of each of the subcellular fractions of adipocytes from IRS-1 null mice. The samples used in this experiment were the same as those shown in Fig. 3A . In wild-type mice, insulin stimulated PI 3-kinase activity in the TOTAL, PM, and LDM fractions (4.0-fold, 6.0-fold, and 3.3-fold, respectively), and the stimulation was presumably mediated by IRS-1 and -3. In IRS-1 null mice, insulin stimulated PI 3-kinase activity in the TOTAL and PM fractions (2.2-fold and 2.5-fold, respectively) (Fig.  3B) , and the stimulation was presumably mediated by IRS-3. However, insulin failed to cause activation of PI 3-kinase in the LDM fraction of adipocytes from IRS-1 null mice (Fig. 3B) , suggesting little insulin stimulation of PI 3-kinase activation via IRS-3 in the LDM fraction of adipocytes from IRS-1 null mice. This finding was consistent with the absence of IRS-3 in the LDM fraction (Fig. 3A) and suggested that insulin-induced activation of PI 3-kinase in the LDM fraction may be mediated mainly by IRS-2 in the absence of IRS-1. Increased lipolysis and unaffected antilipolytic effect of insulin in IRS-1 null mice. To determine the potential functional impact of the distinct subcellular localization of IRSs and associating PI 3-kinase activity on adipocytespecific metabolic actions, we examined lipolysis in IRS-1-null mice. We first measured NEFA release into the medium to examine lipolysis in adipocytes from both mouse genotypes. The basal rate of lipolysis in adipocytes from IRS-1 null mice was increased 3.4-fold compared with wild-type mice (P Ͻ 0.05), and isoproterenol-stimulated lipolysis was increased 5.1-fold (P Ͻ 0.01) (Fig. 4) . It is thought that lipolysis is primarily mediated by HSL (32), although there may be additional pathways (33) . To clarify the mechanism whereby lipolysis is increased in IRS-1-deficient adipocytes, we measured the immunoreactive HSL protein in isolated adipocytes with an antibody against HSL protein. The result showed a 4.3-fold increase in the amount of the immunoreactive HSL protein in IRS-1 null mice compared with wild-type mice (P Ͻ 0.05) (Fig.  5A) , and the level of HSL mRNA in IRS-1 null mice was also increased 1.4-fold compared with wild-type mice (P Ͻ 0.05) (Fig. 5B) .
Next, we investigated the antilipolytic effect of insulin in adipocytes from wild-type and IRS-1 null mice. The antilipolytic effect of insulin was measured with 0.5 nmol/l and 1 nmol/l insulin because these concentrations lie within the physiological range of plasma insulin concentrations in wild-type and IRS-1 null mice (19, 34) . A statistically significant antilipolytic effect of insulin was observed in adipocytes from both wild-type mice and IRS-1 null mice (Fig.  6 ), but the extent of inhibition of lipolysis by insulin was similar between the two mouse genotypes; with 0.5 nmol/l insulin, we found 17.2 and 13.0% inhibition in wild-type and IRS-1 null mice, respectively, and with 1 nmol/l insulin, we found 20.7 and 24.6% inhibition in wild-type and IRS-1 null mice, respectively (Fig. 6 ).
DISCUSSION
We have clarified the intracellular localization of IRS family proteins associated with PI 3-kinase in mouse adipocytes and their activity in response to insulin. In adipocytes from wild-type mice, tyrosine-phosphorylated IRS-1 and IRS-2 were distributed in the PM and LDM fractions, whereas IRS-3 was predominantly localized in the PM fraction (Fig. 1) . Insulin stimulated PI 3-kinase activity via all three proteins (IRS-1, -2, and -3) in the PM fraction of wild-type adipocytes and via IRS-1 and IRS-2 in the LDM fraction (Figs. 2 and 3B) . In adipocytes from IRS-1 null mice, insulin-stimulated PI 3-kinase activity in ␣PY immunoprecipitates was reduced by 69% in the LDM fraction because of extremely low tyrosine-phosphorylation of IRS-3, despite tyrosine-phosphorylation of IRS-2, and it was reduced to 60% in the PM fraction because of a substantial amount of tyrosine-phosphorylation of IRS-3. These results were consistent with the subcellular localization of IRS-1, -2, and -3. In addition, insulin-stimulated PI 3-kinase activity in ␣PY immunoprecipitates after IRS-2 immunodepletion in the PM fraction from IRS-1 null mice was stimulated several-fold by insulin, but it was only barely stimulated by insulin in the LDM fraction (Fig. 3B) .
Our observations confirmed the earlier findings of Ruderman's group that IRS-1 and pp60 (now referred to as IRS-3) play a role in activating PI 3-kinase in response to insulin in the LDM and PM fractions, respectively, by using ␣PY immunoprecipitates of rat adipocytes (26, 28) . However, IRS-2 had not been identified at that time, and thus the role and subcellular localization of IRS-2 in adipocytes was not specifically addressed. In the present study, we measured PI 3-kinase activity in anti-IRS-2 antibody immunoprecipitates in the PM and LDM of extracts of adipocytes from wild-type mice to evaluate PI 3-kinase activity specifically associated with IRS-2. We also measured PI 3-kinase activity in PM and LDM of extracts from IRS-1 null mice after immunodepleion by anti-IRS-2 antibody to evaluate PI 3-kinase activity associated with IRS-3.
As a result, we demonstrated that not only IRS-1 but also IRS-2 plays a major role in activating PI 3-kinase in response to insulin in the LDM fraction and that IRS-3 plays a major role in the PM fraction.
Clark et al. (35) recently reported that IRS-1 is localized in the cytoskeleton fraction, which corresponds to the LDM fraction under our experimental conditions; thus, our finding that insulin activated PI 3-kinase in the LDM fraction is consistent with their report (35) . In addition, insulin also activated PI 3-kinase in the PM fraction under our experimental conditions (Figs. 1-3) ; this observation is in accordance with a recent study showing that IRS-1 (and probably IRS-2) is translocated from the intracellular fractions to the PM fraction in response to insulin (36, 37) , a finding that we ourselves have recently confirmed (Y.K. and T.K., unpublished data). It was also recently shown that IRS-3 is more rapidly tyrosine-phosphorylated in response to insulin than IRS-1 or -2 (24) . Taken together, these findings raise the possibility that both IRS-1 and -2 play roles that are different from IRS-3 in a variety of insulin actions. Given that specific alterations of expression of IRSs have been reported in insulin-resistant states (38, 39) , the specific subcellular localization of IRSs may be associated with specific metabolic derangements. PI 3-kinase plays important roles in the regulation of insulin actions (e.g., glucose transport, antilipolysis, protein synthesis, and gene transcription) (16 -18) , and it has been proposed that activation of PI 3-kinase in the LDM fraction is important for insulin-stimulated GLUT4 translocation and glucose transport in adipocytes (40 -42) . In this regard, the results of the present study suggest that both IRS-1 and -2 play a major role in mediating activation of PI 3-kinase in response to insulin in the LDM fraction of adipocytes from wild-type and that IRS-2 does so in the LDM fraction of adipocytes from IRS-1 null mice. We have previously shown that insulin-stimulated glucose transport is decreased by 50% in adipocytes from IRS-1 null mice (21) . If insulin-stimulated glucose transport is indeed mediated by activated PI 3-kinase in the LDM fraction, it seems likely that the remaining glucose transport in adipocytes from IRS-1 null mice may be dependent on PI 3-kinase activation associated with IRS-2 in this fraction. It is possible, however, that PI 3-kinase activation mediated via IRS-3 in the PM fraction contributes to the translocation of GLUT4. Indeed, increased translocation of GLUT4 has been demonstrated in rat adipose cells that overexpress IRS-3 (43) . A more recent report, however, has shown that insulin-stimulated glucose transport in adipocytes from IRS-3-null mice is the same as in wild-type mice (44) . Thus, it seems likely that IRS-3 may not play a role in glucose transport because of its PM localization.
We next studied the antilipolytic effect of insulin as a representative PM effect of insulin that may more closely parallel the PI 3-kinase activity associated IRS-3. We also studied the transcriptional and translational regulation of adipocyte specific enzymes (e.g., HSL) by insulin as representative ribosomal and nuclear effects of insulin that may more closely parallel the PI 3-kinase activity associated with IRS-1 and -2. The results showed that both immunoreactive HSL protein and HSL mRNA were increased in adipocytes from IRS-1 null mice compared with wild-type mice (Fig. 5) , and that this led to an increase in both basal and isoproterenol-stimulated lipolysis (Fig. 4) . Insulin deficiency induced by streptozotocin has also been reported to increase expression levels of HSL, the key regulator of lipolysis, via pretranslational mechanisms in rat adipocytes (45) . Thus, it seems likely that insulin inhibits the expression of the HSL gene and decreases the amount of HSL protein. In the PM fraction, PI 3-kinase activity in IRS-1 null mice was mediated via IRS-3 and was reduced only modestly (60%); however, in the LDM fraction, it was almost exclusively mediated via IRS-2 and was severely reduced (25%). Because of this, a marked increase in lipolysis and HSL protein level may be explained by a reduction of PI 3-kinase activity in the latter fraction. Thus, IRS-1 and -2 but not IRS-3 may play a uniquely important role in this action. The precise mechanism by which insulin regulates HSL should be further clarified.
The antilipolytic effect of insulin in adipose tissue appears to be one of the downstream actions of insulin signaling because antilipolysis is inhibited by the PI 3-kinase inhibitor wortmannin (16) . It was surprising that the antilipolytic effects of insulin actions were preserved in adipocytes from IRS-1 null mice. This was in marked contrast to the impaired insulin action in IRS-1 null mice with regard to glucose transport and the regulation of HSL transcription and translation. Thus, it seems possible that PI 3-kinase activity in a specific subcellular fraction is important for this action of insulin. Activation of the membrane-associated phosphodiesterase 3B (PDE3B) has been reported to be the major mechanism whereby insulin antagonizes catecholamine-induced lipolysis (33) . Because PI 3-kinase activation in the PM fraction was relatively preserved in IRS-1 null mice (primarily due to PI 3-kinase activity associated with IRS-3), activation of membrane-associated PDE3B may be mediated through the remaining PI 3-kinase activity, mainly via IRS-3 in the PM fraction. Further study will be needed to clarify these points. In summary, we have provided evidence that IRS-1, -2, and -3 are all present in distinct intracellular fractions of mouse adipocytes and that there are distinct effects of IRS-1 deficiency on insulin's actions. These findings raise the interesting possibility that each of the actions of insulin may be linked to distinct IRS family proteins and/or the activation of PI 3-kinase in distinct subcellular fractions.
